Amplified-fragment length polymorphism (AFLP) is a whole-genome fingerprinting method based on selective amplification of restriction fragments. The potential of the method for the characterization of mycoplasmas was investigated in a total of 50 strains of human and animal origin, including Mycoplasma genitalium (n ‫؍‬ 11), Mycoplasma pneumoniae (n ‫؍‬ 5), Mycoplasma hominis (n ‫؍‬ 5), Mycoplasma hyopneumoniae (n ‫؍‬ 9), Myco plasma flocculare (n ‫؍‬ 5), Mycoplasma hyosynoviae (n ‫؍‬ 10), and Mycoplasma dispar (n ‫؍‬ 5). AFLP templates were prepared by the digestion of mycoplasmal DNA with BglII and MfeI restriction endonucleases and subsequent ligation of corresponding site-specific adapters. The amplification of AFLP templates with a single set of nonselective primers resulted in reproducible fingerprints of approximately 60 to 80 fragments in the size range of 50 to 500 bp. The method was able to discriminate the analyzed strains at species and intraspecies levels as well. Each of the tested Mycoplasma species developed a banding pattern entirely different from those obtained from other species under analysis. Subtle intraspecies genomic differences were detected among strains of all of the Mycoplasma species analyzed. The extent of polymorphism varied markedly between the analyzed mycoplasmas, comprising pattern similarity levels from 61.7% detected among M. dispar strains to 95.9% detected among M. genitalium strains. The results of the present study provide evidence of the high discriminatory power of AFLP analysis, suggesting the possible applicability of this method to the molecular characterization of mycoplasmas.
The members of the genus Mycoplasma (class Mollicutes) are the smallest organisms capable of self-replication. They lack the rigid cell wall present in other eubacteria and have an exceptionally small chromosome with low GϩC content (28) . All known mycoplasmas are parasites which usually exhibit a rather strict host and tissue specificity, and many of them are of clinical importance in human and veterinary medicine (23, 35) .
In spite of a wide array of analytical methods being available, the characterization of mycoplasma isolates below the species level remains a rather demanding task. Generally the low-level discriminatory power of serological methods greatly limits their applicability to the typing of mycoplasmas. Protein profiling methods like isoenzyme analysis (32) , one-and twodimensional gel electrophoresis (24, 30) , and immunoblotting (4) possess the required discriminatory power but are timeconsuming, require large samples for analysis, and may be difficult to interpret. Various DNA-based methods have been used for intraspecies differentiation of mycoplasma isolates. They include restriction endonuclease analysis (27) , field inversion gel electrophoresis (12) , restriction fragment length polymorphism (8) , PCR-mediated restriction fragment length polymorphism (34) , arbitrarily primed PCR (15) , and insertion sequence typing (6) . However, most of the genetic typing assays also have drawbacks in that they may require a relatively large amount of high-quality DNA or may be difficult to reproduce and standardize between laboratories. Thus, the need for high-resolution analytical tools which will facilitate the typing of mycoplasmas on a routine basis still exists.
A recently developed technique called amplified-fragment length polymorphism (AFLP) (41) is a whole-genome fingerprinting method based on selective amplification of restriction fragments (40) . The AFLP reaction is a multistep procedure which in an elegant manner combines the power of PCR with the informativeness of restriction enzyme analysis. The procedure includes the preparation of an AFLP template where genomic DNA is digested with two restriction endonucleases which produce cohesive fragment ends and cut DNA with different frequencies (rare cutter [RC] and frequent cutter [FC] ). Following digestion, genomic restriction fragments are modified by ligation of synthetic, double-stranded oligonucleotide adapters (RC adapter and FC adapter) with ends complementary to those of the restriction fragments. Thus, after the ligation step, genomic restriction fragments have termini of known sequences. Such an AFLP template is submitted to a highly stringent PCR amplification with primers fully complementary to their targets (RC primer and FC primer). Labelling one of the AFLP primers (preferably the RC primer) allows the detection of only a subset of the hundreds of amplified restriction fragments. AFLP usually yields more complex banding patterns than most of the available DNA fingerprinting methods, which may likely increase discrimination between strains under analysis. The strategy of using two restriction enzymes and selective amplification provides an extraordinary flexibility in designing the typing protocols optimal for the given microbial species and the chosen detection system as well. These features, combined with the possibility for automation and a high-throughput analysis, make AFLP an interesting alternative to the currently used whole-genome fingerprinting techniques.
In the present study, we report the development of an AFLP-based procedure suitable for the inter-and intraspecies differentiation of Mycoplasma species of human and animal origin.
MATERIALS AND METHODS
Bacterial strains, cultural conditions, and DNA extraction. Mycoplasma strains used in this study are listed in Table 1 . Mycoplasma genitalium strains were grown in modified Friis's medium (20) . Mycoplasma pneumoniae and Mycoplasma hominis strains were grown on modified Hayflick's medium (25) . Strains of Mycoplasma hyopneumoniae, Mycoplasma flocculare, and Mycoplasma dispar were cultivated as described earlier (22) . Mycoplasma hyosynoviae strains were cultivated in modified Hayflick's medium enriched with arginine and bacteriological mucine (14) . All field isolates of the examined mycoplasmas were identified by the disc growth inhibition test performed with corresponding polyclonal rabbit hyperimmune antisera. DNA samples of the M. pneumoniae strains were prepared by a standard procedure (33) . Genomic DNA from M. genitalium and M. hominis strains was extracted from cell pellets by using the Easy-DNA kit (Invitrogen, Carlsbad, Calif.) according to the manufacturer's instruction. DNA from all animal mycoplasmas was extracted by a standard procedure (33) from 50 ml of broth cultures harvested in late log phase. Following extraction, DNA was resuspended in 500 l of TE buffer (10 mM Tris-HCl [pH 7.6], 1 mM EDTA) and stored at 4°C until analysis. The quality and quantity of the extracted DNA were assessed by electrophoresis in 1% agarose gels and by ethidium bromide staining. The DNA concentration of individual samples was not adjusted prior to further analysis. (ii) Adapter preparation and ligation conditions. Oligonucleotides used for the preparation of AFLP adapters are listed in Table 2 . Double-stranded adapters were assembled in separate vessels by mixing equimolar amounts of corresponding oligonucleotides. The mixtures were incubated for 10 min at 65°C and cooled for 15 min at room temperature. Following digestion, a 5-l sample of genomic DNA was transferred to a new tube containing 2 pmol of the BGL adapter, 20 pmol of the MFE adapter, 1 U of T4 DNA ligase, 2 l of a 10ϫ ligase buffer (United States Biochemical, Cleveland, Ohio), and 8 l of restriction buffer. The total reaction volume was 20 l. Ligation was carried out overnight at room temperature.
Amplification of modified DNA. The oligonucleotide primers used for the amplification of the modified restriction fragments (AFLP primers) are listed in Table 2 . The BGL2F-0 primer was labelled at the 5Ј end with 6-carboxyfluorescein (FAM) (Oswell DNA Services, Ltd., Southampton, United Kingdom). The amplification was performed in a final volume of 50 l. The reaction mixture contained 2 l of 10-fold-diluted ligation product, a 200 M concentration of each of the four deoxyribonucleoside triphosphates, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , 65 ng of BGL2F-0 primer, 65 ng of MFE1-0 primer, and 1.5 U of Taq DNA polymerase (Gibco BRL, Gaithersburg, Md.). The amplification was performed in a programmable thermocycler by using an initial denaturation step at 94°C for 3 min followed by 30 cycles consisting of denaturation at 94°C for 60 s, annealing at 54°C for 60 s, and extension at 72°C for 90 s. The final cycle included a 10-min extension step at 72°C.
AFLP fragment detection and analysis. Amplification products were detected on an ABI 373A automated sequencer (Perkin-Elmer, Norwalk, Conn.). Detection mixtures consisted of 2 l of PCR products diluted 1:20 in sterile water, 2 l of deionized formamide, 0.3 l of internal-lane size standard labelled with TAMRA dye (GeneScan 500 TAMRA; Applied Biosystems, Foster City, Calif.), and 0.7 l of loading buffer (supplied with the size standard). The mixtures were heated at 94°C for 2 min, cooled on ice, and electrophoresed on 6% denaturing polyacrylamide gels for 9 h by using plates with 24 cm of well-to-read distance. Data collection, preprocessing, fragment sizing, and pattern analysis were done by using 672 GENESCAN 1.2.2-1 fragment analysis software (Applied Biosystems).
For the purpose of numerical analysis, the background level was subtracted from the raw AFLP data with Genotyper 1.1.1 software (Applied Biosystems). The normalized data were converted with MWtoGel software and imported in GelCompar 4.0 (both from Applied Maths, Kortrijk, Belgium). Levels of similarity between fingerprints were calculated by using the band-based Dice similarity coefficient (S D ). Clustering of fingerprints was performed with the unweighted pair group method by using average linkages.
Sequencing. Particular genomic segments of three M. genitalium strains (M. genitalium G-37 T , M. genitalium UTMB-10G, and M. genitalium M2288) were PCR amplified and analyzed by sequencing. Two microliters of DNA sample was added to 48 l of a prepared reaction mixture containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , the four deoxynucleosides (100 M each), 65 ng of each of the oligonucleotide primers (Table 3) , and 0.5 U of Taq polymerase (Perkin-Elmer) and covered with paraffin oil. Samples were subjected to an initial denaturation step at 94°C for 3 min followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min in a thermocycler. To ensure complete strand extension, the reaction mixture was kept at 72°C for 10 min after the final cycle. Amplicons were purified with the QIAquick spin PCR purification kit (Qiagen, Hilden, Germany) and sequenced on an ABI 373A automatic sequencer by using the AmpliTaq FS dye terminator kit (Perkin-Elmer) according to the manufacturer's instructions.
RESULTS
Complexity of the AFLP fingerprints. In this study AFLP was used for genotyping a total of 50 Mycoplasma strains of human and animal origin ( Table 1 ). The detection system was chosen to provide an optimal separation and a uniform sizing of fragments of 50 to 500 bp. Under the conditions used, all of the analyzed strains developed complex banding patterns within the aforementioned size range. Reproducibility of the AFLP reaction. Reproducibility tests were based on repeated analysis of identical samples. DNA samples from the 11 M. genitalium and the 10 M. hyosynoviae strains were submitted to the AFLP procedure repeated in triplicate, while DNA samples from other mycoplasmas were analyzed in duplicate. Further, from each of the type and reference strains of M. hyosynoviae (S16 T and M60, respectively) three subcultures were made. DNAs prepared from these six subcultures were also included in the reproducibility test. The repeated analysis revealed indistinguishable banding patterns for all of the identical samples being analyzed (data are shown only for M. genitalium G-37 T [ Fig. 1]) . The reproducibility of the AFLP fingerprints was also tested with regard to changes of annealing temperatures in the amplification step. No difference in banding patterns of M. genitalium G-37
T could be detected after four separate amplifications with annealing temperatures of 54, 56, 58, and 60°C (data not shown). The stability of the AFLP patterns of individual samples was retained, even when artificially created mixtures of AFLP templates of different complexities were analyzed. A simultaneous amplification of AFLP templates of M. genitalium G-37 T and a field isolate of Escherichia coli, with adjusted DNA concentrations, yielded a hybrid fingerprint containing all fragments present in the AFLP fingerprints of the individual samples (Fig. 2) .
AFLP of Mycoplasma species. The discriminatory power of the AFLP technique was investigated by analysis of groups of isolates belonging to seven distinct Mycoplasma species (Table  1) . Under the conditions used, the method was able to discriminate the analyzed strains at both species and intraspecies levels. Cluster analysis of AFLP data revealed seven groups, each group consisting of strains belonging to a single species (Fig. 3) (Fig. 4, A1 ) and four missing fragments (positions of 161, 264, 299, and 484 bp) ( Fig. 4 ; D1, D2, D3, and D4, respectively). The chromosomal positions of the four AFLP fragments present in the reference pattern of M. genitalium G-37 T (Fig. 4 ; D1, D2, D3, and D4) were predicted after computer-assisted analysis of the distribution of BglII and MfeI restriction sites in the published genomic sequence of this strain (GenBank accession no. L43967) (11) , and the fragments were identified as parts of MG 166 (rpL6; Fig. 4; D1) , MG 075 (hypothetical protein; Fig.  4 ; D2), and MgPar 4 (repetitive sequence; Fig. 4; D3) , while the fourth fragment ( Fig. 4; D4) begins in MG 095 (hypothetical protein) and ends 456 bp downstream in the noncoding region.
The aforementioned genomic regions were suspected to contain a sequence variability which accounted for the absence of the four fragments in the AFLP pattern of M. genitalium M2288. Chromosomal segments of M. genitalium G-37 T and M. genitalium M2288, which corresponded to AFLP fragments D1, D2, and D4, were amplified with primers flanking the associated BglII and MfeI restriction sites (Table 3) and analyzed by sequencing. The AFLP fragment D3 (Fig. 4) , putatively identified as part of the repetitive element MgPar 4, was not analyzed. M. genitalium UTMB-10G, which showed an AFLP pattern identical to that of the type strain, was also analyzed.
The DNA sequence of the amplicons D1, D2, and D4 all concurred with the sequence predicted in the computer analysis of the published G-37 T sequence. The PCR products representing D1, D2, and D4 AFLP fragments of M. genitalium G-37 T and M. genitalium UTMB-10G showed identical sequences, while the corresponding products obtained from M. genitalium M2288 contained changes in the associated MfeI sites: the CAATTG sequence of the MfeI site was changed to CAGTTG, AAATTG, and CAATTA in D1, D2, and D4, respectively. The changes in the MfeI sites in the D1 and D4 genomic regions of strain M2288 did not affect amino acid coding and were the only variance from the analogous regions of G-37
T and UTMB-10G (data not shown). The amplified D2 region of M2288 revealed a larger sequence variability than the corresponding regions obtained from M. genitalium G-37 T UTMB-10G. The difference comprised mutations at 10 positions, seven of which accounted for changes in amino acid coding (data not shown).
DISCUSSION
AFLP fingerprinting has been shown to be a sensitive method for the molecular characterization of various bacterial species (1, 10, 18, 19, 21, 39) . However, in order to be used to its full potential, the technique may require a certain tailoring to account for genomic differences of various organisms (genome size, GϩC content, and DNA modification). The choice of the restriction enzymes obviously has great impact on the results of the AFLP reaction. In this study two six-base cutters were selected, of which MfeI cuts mycoplasmal DNA more frequently than BglII does. BglII and MfeI together break up the M. genitalium G-37 T chromosome into fewer than 600 fragments with a cutting frequency ratio of approximately 1:2. The amplification of AFLP fragments was performed by using a single set of so-called nonselective primers (no selective nucleotides at the 3Ј ends of the primers). Yet, selectivity of amplification (the key feature of the AFLP reaction) is achieved through a predominant amplification of BglII-MfeI fragments in the presence of BglII-BglII and MfeI-MfeI fragment fractions. An inefficient amplification of BglII-BglII and MfeI-MfeI fragment fractions may be explained by the formation of stem-loop structures, due to inverted repeats present at the ends of these fragments, which compete with primer annealing (40) .
As revealed by cluster analysis, AFLP fingerprints of the analyzed mycoplasmas retain attributes of species specificity, leading to the conclusion that the method may be used as an additional tool for species identification (e.g., mycoplasmas isolated from atypical hosts). However, this approach is currently of limited applicability, due to the lack of an appropriate database of reference patterns. The high-level discriminatory power of the method makes it useful for studies of intraspecies diversity of mycoplasmas. The different extent of intraspecies polymorphism detected in this study suggests various degrees of genetic diversity among the analyzed species. A small number of AFLP fragments detected among M. genitalium strains support previous findings reported by Razin et al. (29) on the substantial genetic homogeneity of this species. It has been shown previously that clinical isolates of M. pneumoniae can be classified in two distinct groups, based upon divergence in the major cytadhesin gene (36) . Numerical analysis of the M. pneu- However, presently it is unknown whether the observed variations have any biologically relevant role or just reflect a rapid evolutionary process. Different molecular mechanisms may account for the observed polymorphism including point mutations which introduce or remove restriction sites and thus AFLP fragments, genomic rearrangements, and insertion or deletion events between restriction sites, which alter the size of the individual fragments. The availability of the entire chromosomal sequence of M. genitalium G-37 T allowed us to examine the nature of certain polymorphisms detected among M. genitalium strains by comparing fingerprinting and sequencing data at the whole-genome level. This approach was based on the amplification and sequencing of analogous chromosomal regions of two strains having particular AFLP fragments (G-37 T and UTMB-10G) and one strain (M2288) showing absence of the corresponding fragments. The sequence of the AFLP fragments analyzed concurred completely with the sequence predicted by computer analysis of the G-37
T genomic DNA sequence, suggesting that variant AFLP patterns truly reflect variations in the genomes of the analyzed strains. Further, in two of the three sequenced fragments (D1 and D4), the only variation observed was a single point mutation in the recognition site of one of the enzymes, a mutation that did not alter the putative amino acid sequence. To the contrary, in the third fragment (D2) multiple variations were seen. These differences may reflect the different selective pressure of different parts of the chromosome. The distribution of variation is not obvious, as D4 consists partly of a noncoding region while D1 and D2 are derived from putative coding regions.
The results of this study clearly indicate the high potential of the AFLP method to differentiate mycoplasma isolates at both species and subspecies levels. Highly reproducible and easy to perform, AFLP provides a rich source of molecular markers, useful for studies of epidemiology, pathogenicity, and genetic variation in natural populations of Mycoplasma species. The combination of AFLP with powerful detection systems, such as automated DNA sequencers, enables a uniform data collection and analysis, as well as the storage of biological data in electronic form, which make them comparable in long time frames and feasible for interlaboratory exchange. 
